The potential for flexible, yet controlled and specific formation of heterotypic cell assemblies gives rise to promising innovations in the bottom-up engineering of microtissues. Precision in the control of cellcell contact would allow for the construction of complex physiological systems such as stem cell niches and tumor microenvironments. 15 The interaction between a stem cell and its niche is critical for the maintenance of stem-cell properties and for the cell's lineage commitment and differentiation. 6 Additionally, innumerous biological processes depend on the physical interactions between adjacent cells and their paracrine signaling pathways. 79 Recent developments in the field of microtissue engineering include the random assembly of cell-laden microgels, 10 programmable assembly of liposomes, 11 and assembly by complex surface patterning based on differing hydrophobicity levels. 12 It has also been reported that the bottom-up assembly of multicellular structures can be realized by functionalization of cell surfaces with complementary single-stranded DNA (ssDNA) oligomers that bring cells together through sequence-specific hybridization. 13 However, this approach requires pure populations of cells to start with and sophisticated live cell surface functionalization needs to be performed beforehand.
We propose a generic approach for the assembly of dissimilar cells by means of their attachment to complementary strands of DNA without chemical modification of cell surface and instead using the bifunctional motility of DNAantibody conjugates, called immuno-DNAs, as the linker to associate cells. The concept bases itself on the selective binding of cells with their respective antibodies, which have been covalently conjugated with single-stranded oligonucleotides. DNAantibody (DNAAb) conjugates have been used to detect proteins, 1416 allowing for spatial encoding assays 17, 18 and to selectively immobilize cells to substrate surfaces. 19 DNAlabeled antibodies have also been used to detect antigens by means of quantitative immuno-PCR. 20 Successful coupling of ssDNA oligomers and antibodies implementing a generic twostep amine-based coupling reaction 21 has recently been demonstrated for on-chip sorting of cells and multiplexed detection of proteins. 22 Although cellcell assembly has been shown by means of chemical modification of cell surface with nucleic acid oligomers, 13, 23 A schematic representation of the mechanism of immuno-DNA-directed association between dissimilar cells is shown in Figure 1 . A single-stranded oligonucleotide (A) is initially conjugated with an antibody whose antigen is expressed on the surface of the desired cell (i.e., CD11 on immune cells U937). Another single-stranded oligonucleotide (A¤) that has a unique sequence complementary to A is conjugated with an antibody whose antigen is expressed on the surface of a different type of cell (i.e., EpCAM on epithelial cells A549). After incubation of the DNAantibody conjugates with the cultures of the corresponding cells, the two solutions of cellDNAAb complexes can be combined and incubated to initiate cell assembly via AA¤ hybridization.
In our experiment, A and A¤ have the following base sequences: A: 5¤-amine-AA AAA AAA AAA AAA TCA GGT AAG GTT CAC GGT A-3¤; A¤: 5¤-amine-AA AAA AAA AAA AAA TAC CGT GAA CCT TAC CTG A-3¤. Immuno-DNAs were synthesized by a two-step amine-based coupling reaction ( Figure 2 ). 27 First, antibodies were conjugated to succinimidyl-6-hydrazinonicotinamide (S-HyNic), which uses its N-hydroxysuccinimide (NHS) group to bind to the amine groups on antibodies, providing them with hydrazide groups. In parallel, DNA oligomers, which were synthesized with an amine group at the 5¤-terminus, were conjugated to N-succinimidyl-4-formylbenzamide (S-4FB), converting the 5¤-amine into 5¤-aldehyde. To finalize the DNAantibody conjugation, these two intermediate products were ion-exchanged to pH 6 and combined to allow for the coupling of hydrazide and aldehyde, which attaches DNA oligomers to antibodies. More details of immuno-DNA synthesis are provided in Supporting Information. 27 In order to visualize heterotypic cell assembly, we stained the cells with different cytosolic dyes. The U937 population was stained with CellTracker· Red CMTPX (abs. max. 577 nm, em. max. 602 nm), and the A549 population was stained with CellTracker· Green 5-chloromethylfluorescein diacetate (abs. max. 492 nm, em. max. 517 nm). Cells were first incubated with the dye for 30 min, then centrifuged, and resuspended in fresh FBS-free medium for another 30 min ( Figure S1 ). 27 Twenty minutes after the cell staining procedure was completed, we centrifuged and resuspended the cells into two collection tubes, each with 200¯L of fresh medium. To each tube were added 2¯L of DNAAb conjugates (40¯g mL ¹1 ), followed by gentle pipette agitation. We placed the two tubes on top of a shaker for incubation, which was done at a low temperature to avoid internalization of the antibodies by the cells. 24 After each cell population was incubated with its respective DNAAb conjugates, each solution was centrifuged and resuspended three times, in order to remove excess DNAAb conjugates. Then the solutions were combined and allowed to incubate at 4°C on a stirrer for an hour, during which two types of cells are assembled via DNA hybridization. Finally, the cells were dispersed on a clean glass slide for imaging characterization. Figure 3 shows the result of immuno-DNA-directed cell assembly visualized by fluorescence microscopy. Figure 3A is a gallery of representative multicellular structures formed in this experiment. The main panel shows a heterodimer and a tetramer. The right panels show a number of heterodimers, and the bottom panels show the trimers assembled from A549 epithelial tumor cells (green) and U937 monocytic immune cells (red), which potentially can be applied to construction of a paracrine system emulating the interaction between tumor and infiltrating immune cells.
9 A large-area view ( Figure 3B) shows that the majority of the cells are not bound with dissimilar cells and that the heterotypic cell assemblies account for only a small fraction of the final "product." To verify the existence of immuno-DNAdirected assembly of heterotypic cells, we further conducted the following experiments.
First, we conducted a control experiment that is identical to the aforementioned cell assembly procedure except that no DNAAb conjugates were added. The cells from both experiments were imaged by fluorescence microscopy, and the yield of different multicellular structures was quantified. A cell count for the sample with DNAAb conjugates added is shown in Figure 4A : out of a total of 316 cells (164 U937 and 152 A549), 61 cells (31 U937 and 30 A549) were bound in heterotypic structures, or about 19% of the total cell population; out of these cells, 36 (18 of each kind, for a total of 11%) were bound in dimers. The yield of heterotypic multicellular structures in our experiment is comparable to that reported by other groups using nucleic acid-assisted cell assembly. 13 In the control experiment ( Figure 4B ), out of a total of 232 cells (119 U937 and 113 A549), only 6 cells (3 of each kind) were bound heterotypically, for a total of only 2.5%, and there were no aggregates with more than 2 cells. This quantitative study demonstrated that heterotypic cell assemblies were indeed formed, although at a low yield, with the presence of DNAantibody conjugates.
Second, we performed flow cytometric analysis, a method which directly quantifies cells in suspension without the need for placing cells on a substrate surface. Because tumor cells and immune cells were prelabeled with different fluorophores, heterotypic assembly can be quantified by counting cells in different fluorescence channels (green and red); the count in the double positive quadrant is the number of heterotypic cell assemblies. Preparation of the samples for flow cytometry was similar to that for microscopy, but instead of cytosolic dyes, the membrane dyes Vibrant Cell-Labeling Solutions DiI (abs. max. 549 nm, em. max. 565 nm) and DiD (abs. max. 644 nm, em. max. 665 nm) (Invitrogen) were used for A549 and U937 cells, respectively, since they are well suited for detection by conventional flow cytometry channels green (FL2) and red (FL3). After proper mixing of the two populations with their respective DNAAb conjugates and incubation for 1 h, the sample was subjected to flow cytometry. The result clearly shows the existence of three populations ( Figure 5A ): those particles only detected by channel green (FL2), those only detected by channel red (FL3), and those detected by both. In our experiment, the three populations correspond to unbound A549 cells, unbound U937 cells, and bound heterotypic clusters, respectively. This scatter plot also suggests a wide range of cluster sizes, indicating the possibility of different numbers of cells in each "entity." Quantitative analysis indicates a large amount of entities in the double-positive quadrant, about 34% of the total number. The actual percentage of heterotypically bound cells, however, is greater than 34%, since each entity in the upper-right corner consists of at least two cells. If that were the case, that is, considering all heterotypic clusters to be dimers only, the percentage of cells heterotypically bound would be about 51%. The rest of the cells are attributed to the unbound populations, as can be seen by the large populations in the upper-left and bottom-right quadrants. This experiment was repeated and the results consistently show a three-population distribution, although the quantitative counts vary from batch to batch. Two control experiments were performed for comparison. The first was carried out via the same procedure as the aforementioned cell assembling experiment except that no DNAantibody conjugates were added ( Figure 5B ). The second was carried out using anti-CD11-A and anti-EpCAM-A that have the identical ssDNA sequence (A) and thus do not hybridize ( Figure 5C ). Evidently, none of them gave rise to three populations, indicating no multicellular assemblies. A negative control experiment ( Figure 5D ) with isotype staining was always performed prior to other experiments to define the gates and four quandrants.
In conclusion, we report on the initial development of a novel approach to directly assemble heterotypic cells with defined cellcell connectivity. As compared to previous approaches, this method does not require sophisticated chemical modification of live cell surface. It can be performed in a modular manner and potentially works for mixed cell populations. Our approach has been demonstrated for the association of different cells, but it in principle allows for assembly of cells with a variety of biomaterials such as extracellular matrix (ECM) networks and signaling protein-releasing particles, 25, 26 representing a generic approach to the bottom-up assembly of diverse biological components to form complex microenvironments. Systematic studies on the structure of formed multicellular systems, the effect of cell loading ratio, the expression level of surface marker, and the possibility to assemble more than two types of cells are still needed to further develop this technology into a generic tool for building hierarchical multicellular systems and for microtissue engineering. 
